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Abstract
A constraint correlation dynamics up to 4-point Green functions is proposed
for SU(N) gauge theories which reduces the N-body quantum field problem to
the two-body level. The resulting set of nonlinear coupled equations fulfills all
conservation laws including fermion number, linear and angular momenta as
well as the total energy. Apart from the conservation laws in the space-time
degrees of freedom the Gauss law is conserved as a quantum expectation value
identically for all times. The same holds for the Ward identities as generated by
commutators of Gauss operators. The constraint dynamical equations are highly
non-perturbative and thus applicable also in the strong coupling regime, as e.g.
low-energy QCD problems.
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1
1 Introduction
A lot of problems in QCD at zero temperature, finite temperature, and in the case
of non-equilibrium situations require the use of non-perturbative methods. Important
examples are the mechanism of confinement, probably related to the vacuum structure
[1], the investigation of hadron spectra and hadronic matter, the understanding of the
nature of the deconfinement transition and the chiral symmetry restoration. Further-
more, the mechanism of hadronization in relativistic heavy-ion collisions, – following
the possible preformation of a quark-gluon plasma – or possible non-perturbative effects
in a quark-gluon plasma above the critical temperature cannot be treated perturba-
tively as well [2]. Besides numerically very involved lattice calculations [3] there are
only preliminary attempts to incorporate non-perturbative effects by using the Dyson-
Schwinger equation or variational calculations [4] - [7] . In addition, considering the
formation, evolution, and decay of a quark-gluon plasma in relativistic heavy-ion colli-
sions, a transport theory based on gauge covariant Wigner functions has been proposed
by Elze et al. [8, 9]. It is, in fact, a many-body theory completely equivalent to the
Heisenberg equations for the quarks and gluon fields, however, as a reformulation of
the SU(N) gauge theory in phase space not manageable in practice. The standard ap-
plicable limit is the semi-classical, abelian approximation which corresponds to lowest
order perturbation theory in the high temperature approximation. A more promising
approach may be provided by the use of equal-time Wigner functions [10].
In this paper we propose a different approach along the line of relativistic two-body
correlation dynamics [11]-[15], which has proven to provide the genuine basis for the
formulation of non-perturbative transport theories for baryons and mesons [14]. It is
already known that this approach obeys all conservation laws concerning space-time
degrees of freedom, i.e. fermion number, linear and angular momentum as well as the
total energy [11]. The novel phenomena in the application to quarks and gluons is the
non-abelian dynamics of the gluon fields as well as a SU(N) internal gauge symmetry.
The paper is organized as follows: In Section 2 we first give a brief reminder of
the SU(N) gauge theory in the temporal gauge and introduce the necessary notations.
Section 3 is devoted to the derivation of equations of motion and suitable truncation
schemes for linked n-point Green functions. In Section 4 we show the conservation
of the Gauss law in time (as a quantum expectation value) within the approximation
scheme adopted and investigate the higher order Ward identities (as generated by com-
mutators of Gauss operators), whereas Section 5 provides a summary and discussion
of open problems. The explicit form of the final constraint dynamical equations is in
part shifted to the Appendices in view of their length.
2
2 SU(N) gauge theories in the temporal gauge
Here we repeat the basic concepts and equations of SU(N) gauge theories [16], which
build the starting point for the correlation dynamics in QCD.
We begin with the SU(N) gauge Lagrangian
L = −Ψ¯γµDµΨ−
1
4
F aµνF
a
µν , (2.1)
where the gauge-covariant derivative Dµ is defined as
Dµ = ∂µ − igT
aAaµ . (2.2)
The fields Aaµ are the gauge potentials and T
a are the N × N generators of SU(N)
following
T a† = T a, (2.3)
Tr{T aT b} =
1
2
δab, (2.4)
[T a, T b] = ifabcT c, (2.5)
whereas the field strength tensor is given by
F aµν = ∂µA
a
ν − ∂νA
a
µ + gf
abcAbµA
c
ν (2.6)
or in terms of color electric and magnetic fields as
Eaj = iF
a
j0 = −A˙
a
j + i∂jA
a
0 + igf
abcAbjA
c
0, (2.7)
Bak =
1
2
ǫijkF aij =
1
2
ǫijk(∂iA
a
j − ∂jA
a
i + gf
abcAbiA
c
j). (2.8)
The Euler-Lagrange equations of motion for massless quarks then read
γµDµΨ = γµ(∂µ − igT
aAaµ)Ψ = 0 (2.9)
and
∂µF
a
µν + g(f
abcAbµF
c
µν + I
a
ν ) = 0 (2.10)
for the gluon fields, where Iaν is the quark-color current
Iaν = iΨ¯γνT
aΨ. (2.11)
In order to perform actual calculations we have to fix the gauge. In view of the
standard Hamiltonian formulation of correlation dynamics we choose a special axial
gauge, i.e. the temporal (or Weyl) gauge [17]
Aa0 = 0, (2.12)
such that the conjugate field of Aai is (except for a sign) the color electric field
Πai = A˙
a
i = −E
a
i . (2.13)
3
In the temporal gauge we obtain the canonical quantization conditions
[Aai (r, t),Π
b
j(r
′, t)] = iδij δ
ab δ3(r− r′), (2.14)
{Ψ(r, t),Ψ†(r′, t)} = δ3(r− r′), (2.15)
while all other commutators or anticommutators vanish. The Hamiltonian and its
density then is given by (x = (r, t) )
H =
∫
d3r H(x), (2.16)
with
H(x) =
1
2
(ΠaiΠ
a
i +B
a
i B
a
i )− gI
a
i A
a
i + Ψ¯γi∂iΨ (2.17)
and the Heisenberg equations of motion for Πai read
Π˙ai =
1
i
[Πai , H ] = D
ac
k F
c
ki + gI
a
i (2.18)
with
Dack = δ
ac∂k + gf
abcAbk, (2.19)
while the equations of motion for Aai reduce to (cf. (2.13))
A˙ai =
1
i
[Aai , H ] = Π
a
i . (2.20)
Since the Euler-Lagrange equations with ν = 0 cannot be derived from the Heisenberg
equations of motion, we have to deal with additional constraints on the gauge fields,
i.e. the Gauss law [16, 17]
ga(x) = Ja(x) + Ψ†(x)T aΨ(x) = 0 (2.21)
with
Ja(x) =
1
g
Dacj Π
c
j . (2.22)
In quantum physics (2.21) cannot be fulfilled as an operator equation but has to be
imposed as constraints on the physical states |p〉,
ga(x) |p〉 = 0. (2.23)
These equations are similar to Slavnov-Taylor-Ward identities within the temporal
gauge, which impose relations between different Green functions [18].
The basic idea of correlation dynamics now is the use of dynamical equations of
motion for equal time Green functions, which is sufficient to describe the time evolution
of the system in a local field theory. For this purpose, we consider the operators
Gˆ{a,α}n (x1, · · · , xn), which are products of the gluon-field operator A
a
µ and its canonically
conjugate momentum Πaµ as well as quark field operators Ψ
† and Ψ,
Gˆ{a,α}n (x1. · · · , xn) = Gˆ
{a,α}
n (A
a
µ,Π
a′
ν ,Ψ
†,Ψ), (2.24)
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where {a, α} denotes a set of color and spinor indices, respectively. n is the number
of field operators and all time arguments are taken to be equal. The equal time Green
functions are given by the quantum expectation value within the physical state |p〉
G{a,α}n (x1, · · · , xn) = 〈p|Gˆ
{a,α}
n |p〉 (2.25)
and the equations of motion for these Green functions follow from the Heisenberg
equations
d
dt
G{a,α}n (x1, · · · , xn) =
1
i
〈p|[Gˆ{a,α}n , H ]|p〉. (2.26)
Within the canonical quantization conditions (2.14) and (2.15) equation (2.26) leads
to a coupled set of equations for the various n-point functions, which for practical
purposes has to be truncated.
3 Equations of motion
The derivation of dynamical equations of motion is straightforward, however, somewhat
lengthy. We start from the Heisenberg equations of motion (2.26) for the quantum
expectation value of the Green functions (2.25) and first only show the lowest order
equations within the notation adopted. We use Ψ = uaβ with a denoting the color index
and β the spinor index, respectively. For the Dirac matrices γi, αi = γ0γi we use the
greek indices α, β to specify the spinor components, i.e. γiαβ = (γ
i)αβ, α
i
αβ = (α
i)αβ ,
and define tbac by
itbac = (T b)ac (3.1)
where b = 1, ..., (N2− 1) runs over all generators, while a and c run from 1 to N . This
gives for the 2-point quark Green function
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)〉 =
αiβα[∂xi〈u¯
a
β(x)u
a′
α′(x
′)〉 − gtbac〈u¯cβ(x)u
a′
α′(x
′)Abi(x)〉]
+αiα′β[∂x′i〈u¯
a
α(x)u
a′
β (x
′)〉 − gtba
′c〈u¯aα(x)u
c
β(x
′)Abi(x
′)〉]. (3.2)
For 1- and 2-point gluon Green functions we get
d
dt
〈Aai (x)〉 = 〈Π
a
i (x)〉, (3.3)
d
dt
〈Πai (x)〉 = ∂
2
x〈A
a
i (x)〉 − ∂xi∂xk〈A
a
k(x)〉
+2gfabc∂yk〈A
b
k(x)A
c
i(y)〉|(x=y) + g
2fabcf cde〈Abk(x)A
d
k(x)A
e
i (x)〉
+gfabc[∂yk〈A
b
k(y)A
c
i(x)〉 − ∂yi〈A
b
k(x)A
c
k(y)〉](x=y)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)〉, (3.4)
d
dt
〈Aai (x)A
a′
i′ (x
′)〉 = 〈Πai (x)A
a′
i′ (x
′)〉+ 〈Aai (x)Π
a′
i′ (x
′)〉, (3.5)
5
ddt
〈Πai (x)A
a′
i′ (x
′)〉 = 〈Πai (x)Π
a′
i′ (x
′)〉+ ∂2x〈A
a
i (x)A
a′
i′ (x
′)〉
−∂xi∂xk〈A
a
k(x)A
a′
i′ (x
′)〉+ 2gfabc∂yk〈A
b
k(x)A
c
i (y)A
a′
i′ (x
′)〉|(y=x)
+g2fabcf cde〈Abk(x)A
d
k(x)A
e
i (x)A
a′
i′ (x
′)〉
+gfabc[∂yk〈A
b
k(y)A
c
i(x)A
a′
i′ (x
′)〉 − ∂yi〈A
b
k(x)A
c
k(y)A
a′
i′ (x
′)〉](y=x)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)A
a′
i′ (x
′)〉 (3.6)
and
d
dt
〈Πai (x)Π
a′
i′ (x
′)〉 = ∂2x〈A
a
i (x)Π
a′
i′ (x
′)〉+ ∂2x′〈Π
a
i (x)A
a′
i′ (x
′)〉
−∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)〉 − ∂x′
i
∂x′
k
〈Πai (x)A
a′
k (x
′)〉
+2gfabc∂yk〈A
b
k(x)A
c
i(y)Π
a′
i′ (x
′)〉|(y=x)
+2gfa
′bc∂yk〈Π
a
i (x)A
b
k(x
′)Aci′(y)〉|(y=x′)
+g2fabcf cde〈Abk(x)A
d
k(x)A
e
i (x)Π
a′
i′ (x
′)〉
+g2fa
′bcf cde〈Πai (x)A
b
k(x
′)Adk(x
′)Aei′(x
′)〉
+gfabc[∂yk〈A
b
k(y)A
c
i(x)Π
a′
i′ (x
′)〉 − ∂yi〈A
b
k(x)A
c
k(y)Π
a′
i′ (x
′)〉](y=x)
+gfa
′bc[∂yk〈Π
a
i (x)A
b
k(y)A
c
i′(x
′)〉 − ∂y′
i
〈Πai (x)A
b
k(x
′)Ack(y)〉](y=x′)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)Π
a′
i′ (x
′)〉+ gta
′bcγi
′
αβ〈Π
a
i (x)u¯
b
α(x
′)ucβ(x
′)〉. (3.7)
For the lowest order vertices one obtains
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Abi(y)〉 = i〈u¯
a
α(x)u
a′
α′(x
′)Πbi(y)〉
+αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Abi(y)〉 − gt
b′ac〈u¯cβ(x)u
a′
α′(x
′)Ab
′
k (x)A
b
i(y)〉]
+αkα′β [∂x′k〈u¯
a
α(x)u
a′
β (x
′)Abi(y)〉 − gt
b′a′c〈u¯aα(x)u
c
β(x
′)Ab
′
k (x
′)Abi(y)〉], (3.8)
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Πbi(y)〉 =
+αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Πbi(y)〉 − gt
b′ac〈u¯cβ(x)u
a′
α′(x
′)Ab
′
k (x)Π
b
i(y)〉]
+αkα′β[∂x′k〈u¯
a
α(x)u
a′
β (x
′)Πbi(y)〉 − gt
b′a′c〈u¯aα(x)u
c
β(x
′)Ab
′
k (x
′)Πbi(y)〉]
+i[∂2y〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)〉 − ∂yi∂yk〈u¯
a
α(x)u
a′
α′(x
′)Abk(y)〉
+2gf bb
′c∂zk〈u¯
a
α(x)u
a′
α′(x
′)Ab
′
k (y)A
c
i(z)〉|(z=y)
+g2f bb
′cf cde〈u¯aα(x)u
a′
α′(x
′)Ab
′
k (y)A
d
k(y)A
e
i (y)〉]
+igf bb
′c[∂zk〈u¯
a
α(x)u
a′
α′(x
′)Ab
′
k (z)A
c
i (y)〉 − ∂zi〈u¯
a
α(x)u
a′
α′(x
′)Ab
′
k (y)A
c
k(z)〉](z=y)
+igtbb
′cγiββ′〈u¯
a
α(x)u
a′
α′(x
′)u¯b
′
β (y)u
c
β′(y)〉 . (3.9)
In general the equations of motion for n-point Green functions couple to (n+1)-
and (n+2)-point Green functions, as can be seen e.g. from commuting (Πai )
n with the
cubic and quartic terms of Aai in H , such that the equations of motion form an infinite
set that has to be truncated for practical purposes.
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A truncation scheme which has been quite successful in the nuclear physics context
is based on the cluster expansion of Green functions in terms of connected (correlated)
Green functions since the connected Green functions become of minor importance with
increasing order [11]. This has been shown explicitly in the nuclear physics context in
[19]. A nonperturbative truncation scheme that leads to a resummation of loop and
ladder diagrams in infinite order and observes the space-time conservation laws as well
as the weak Gauss law (see next Section) is a truncation up to 4-point Green functions.
For the case of ground state Green functions the explicit expressions for the clus-
ter expansions can be derived from the representation of the theory in terms of the
generating functionals of full and connected Green functions, Z[η¯, η, J ] and W [η¯, η, J ]
respectively, which are given by [20]
Z[η¯, η, J ] =
∫
dµ
(
Ψ¯,Ψ, Aµ
)
exp
(
i
∫
d4x
(
L[Ψ¯,Ψ, Aµ] + Ψ¯η + η¯Ψ+ AµJµ
))
(3.10)
and
Z[η¯, η, J ] = exp(W [η¯, η, J ]) , (3.11)
where ghosts can be omitted according to our choice of gauge. As an example we derive
the lowest order expansions in order to present the general concept. We start with the
cluster expansions for the time-ordered Green functions with different time arguments:
〈T Aai (x)A
a′
i′ (x
′)〉 =
δ
δJai (x)
δ
δJa
′
i′ (x
′)
exp(W [η¯, η, J ])|η¯=η=J=0
=
{(
δ
δJai (x)
δ
δJa
′
i′ (x
′)
W [η¯, η, J ]
)
exp(W [η¯, η, J ])
+
(
δ
δJai (x)
W [η¯, η, J ]
)(
δ
δJa
′
i′ (x
′)
W [η¯, η, J ]
)
exp(W [η¯, η, J ])
}
|η¯=η=J=0
= 〈T Aai (x)A
a′
i′ (x
′)〉c + 〈A
a
i (x)〉c〈A
a′
i′ (x
′)〉c ; (3.12)
〈T u¯aα(x)u
a′
α′(x
′)Abi(y)〉 =
δ
δηaα(x)
δ
δη¯a
′
α′(x
′)
1
i
δ
δJ bi (y)
exp(W [η¯, η, J ])|η¯=η=J=0
=
{(
δ
δηaα(x)
δ
δη¯a
′
α′(x
′)
1
i
δ
δJ bi (y)
W [η¯, η, J ]
)
+
(
δ
δηaα(x)
W [η¯, η, J ]
)(
δ
δη¯a
′
α′(x
′)
1
i
δ
δJ bi (y)
W [η¯, η, J ]
)
+
(
δ
δηaα(x)
δ
δη¯a
′
α′(x
′)
W [η¯, η, J ]
)(
1
i
δ
δJ bi (y)
W [η¯, η, J ]
)
+
(
δ
δηaα(x)
W [η¯, η, J ]
)(
δ
δη¯a
′
α′
W [η¯, η, J ]
)(
1
i
δ
δJ bi (y)
W [η¯, η, J ]
)
+
(
δ
δηaα(x)
1
i
δ
δJ bi (y)
W [η¯, η, J ]
)(
δ
δη¯a
′
α′(x
′)
W [η¯, η, J ]
)}
exp(W [η¯, η, J ])|η¯=η=J=0
= 〈T u¯aα(x)u
a′
α′(x
′)Abi(y)〉c + 〈T u¯
a
α(x)u
a′
α′(x
′)〉c〈A
b
i(y)〉c , (3.13)
7
where all Green functions containing an unequal number of u and u¯ are assumed
to vanish. The generalization to Green functions containing conjugate gluon field
momenta is straightforward [21]. The expressions for equal time ground state Green
functions are obtained by taking the well-defined equal time limit which yields the
appropriate operator ordering in the cluster expansions (3.12, 3.13). For the general
non-equilibrium case we then simply define the connected Green functions by using the
same form of the cluster expansion as in the ground state case.
For the lowest order Green functions one arrives at
〈Aai (x)A
a′
i′ (x
′)〉 = 〈Aai (x)〉c〈A
a′
i′ (x
′)〉c + 〈A
a
i (x)A
a′
i′ (x
′)〉c (3.14)
〈Πai (x)A
a′
i′ (x
′)〉 = 〈Πai (x)〉c〈A
a′
i′ (x
′)〉c + 〈Π
a
i (x)A
a′
i′ (x
′)〉c (3.15)
〈Πai (x)Π
a′
i′ (x
′)〉 = 〈Πai (x)〉c〈Π
a′
i′ (x
′)〉c + 〈Π
a
i (x)Π
a′
i′ (x
′)〉c (3.16)
〈u¯aα(x)u
a′
α′(x
′)Abi(y)〉 = 〈u¯
a
α(x)u
a′
α′(x
′)〉c〈A
b
i(y)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)〉c (3.17)
〈u¯aα(x)u
a′
α′(x
′)Πbi(y)〉 = 〈u¯
a
α(x)u
a′
α′(x
′)〉c〈Π
b
i(y)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Πbi(y)〉c, (3.18)
where now the time arguments are again taken to be equal. The explicit expressions
for the relevant cluster expansions up to sixth order are presented in Appendix A.
In reducing the dynamics to the 4-point level we assume that all correlated terms
of order n ≥ 5 can be neglected, i.e.
G{a,α}nc = 0 for n ≥ 5. (3.19)
Thus the set of equations of motion becomes closed on a finite level.
The equations of motion for the connected Green functions are obtained by inserting
the relevant cluster expansions into the equations for the equal time Green functions
((3.2)-(3.9) a.s.f.). As an example we present here the resulting equations of motion
for the connected 1-point gluon Green functions,
d
dt
〈Aai (x)〉c = 〈Π
a
i (x)〉c, (3.20)
d
dt
〈Πai (x)〉c = ∂
2
x〈A
a
i (x)〉c − ∂xi∂xk〈A
a
k(x)〉c
+2gfabc∂yk [〈A
b
k(x)A
c
i(y)〉c + 〈A
b
k(x)〉c〈A
c
i(y)〉c](x=y)
+g2fabcf cde[〈Abk(x)A
d
k(x)A
e
i (x)〉c
+〈Abk(x)〉c〈A
d
k(x)A
e
i (x)〉c + 〈A
b
k(x)A
e
i (x)〉c〈A
d
k(x)〉c
+〈Abk(x)A
d
k(x)〉c〈A
e
i (x)〉c + 〈A
b
k(x)〉c〈A
d
k(x)〉c〈A
e
i (x)〉c]
+gfabc∂yk [〈A
b
k(y)A
c
i(x)〉c + 〈A
b
k(y)〉c〈A
c
i(x)〉c](x=y)
−gfabc∂yi [〈A
b
k(x)A
c
k(y)〉c + 〈A
b
k(x)〉c〈A
c
k(y)〉c](x=y)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)〉c, (3.21)
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and the equations of motion for the connected 2-point gluon Green functions,
d
dt
〈Aai (x)A
a′
i′ (x
′)〉c = 〈Π
a
i (x)A
a′
i′ (x
′)〉c + 〈A
a
i (x)Π
a′
i′ (x
′)〉c, (3.22)
d
dt
〈Πai (x)A
a′
i′ (x
′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)〉c
+∂2x〈A
a
i (x)A
a′
i′ (x
′)〉c − ∂xi∂xk〈A
a
k(x)A
a′
i′ (x
′)〉c
+2gfabc∂yk [〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
c
i(y)〉c
+〈Abk(x)〉c〈A
c
i(y)A
a′
i′ (x
′)〉c + 〈A
b
k(x)A
c
i(y)A
a′
i′ (x
′)〉c](x=y)
+g2fabcf cde[〈Abk(x)A
d
k(x)A
e
i (x)A
a′
i′ (x
′)〉c
+(1 + Ted + Teb){〈A
b
k(x)〉c〈A
d
k(x)〉c〈A
e
i (x)A
a′
i′ (x
′)〉c
+〈Abk(x)A
d
k(x)A
a′
i′ (x
′)〉c〈A
e
i (x)〉c + 〈A
b
k(x)A
d
k(x)〉c〈A
e
i (x)A
a′
i′ (x
′)〉c}]
+gfabc∂yk [〈A
b
k(y)A
a′
i′ (x
′)〉c〈A
c
i(x)〉c
+〈Abk(y)〉c〈A
c
i(x)A
a′
i′ (x
′)〉c + 〈A
b
k(y)A
c
i(x)A
a′
i′ (x
′)〉c](x=y)
−gfabc∂yi [〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
c
k(y)〉c
+〈Abk(x)〉c〈A
c
k(y)A
a′
i′ (x
′)〉c + 〈A
b
k(x)A
c
k(y)A
a′
i′ (x
′)〉c](x=y)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)A
a′
i′ (x
′)〉c, (3.23)
d
dt
〈Πai (x)Π
a′
i′ (x
′)〉c = (1 + Pii′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)〉c − ∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)〉c]
+2g(1 + Pii′)f
abc∂yk [〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
i(y)〉c
+〈Abk(x)〉c〈A
c
i(y)Π
a′
i′ (x
′)〉c + 〈A
b
k(x)A
c
i(y)Π
a′
i′ (x
′)〉c](x=y)
+g2(1 + Pii′)f
abcf cde[〈Abk(x)A
d
k(x)A
e
i (x)Π
a′
i′ (x
′)〉c
+(1 + Ted + Teb){〈A
b
k(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c
+〈Abk(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)〉c + 〈A
b
k(x)A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c}]
+g(1 + Pii′)f
abc∂yk [〈A
b
k(y)Π
a′
i′ (x
′)〉c〈A
c
i(x)〉c
+〈Abk(y)〉c〈A
c
i(x)Π
a′
i′ (x
′)〉c + 〈A
b
k(y)A
c
i(x)Π
a′
i′ (x
′)〉c](x=y)
−g(1 + Pii′)f
abc∂yi [〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
k(y)〉c
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+〈Abk(x)〉c〈A
c
k(y)Π
a′
i′ (x
′)〉c + 〈A
b
k(x)A
c
k(y)Π
a′
i′ (x
′)〉c](x=y)
+g(1 + Pii′)t
abcγiαβ〈u¯
b
α(x)u
c
β(x)Π
a′
i′ (x
′)〉c. (3.24)
In (3.23) and (3.24) we have introduced two kinds of permutation operators Pii′ and
Ted in order to achieve an unambiguous compactification. To demonstrate the action
of these operators we look as an example at parts of the g2-terms in (3.24)
g2(1 + Pii′)f
abcf cde(1 + Ted + Teb)〈A
b
k(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c
= g2(1 + Pii′)f
abcf cde[〈Abk(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c
+〈Abk(x)〉c〈A
e
i (x)〉c〈A
d
k(x)Π
a′
i′ (x
′)〉c + 〈A
e
i (x)〉c〈A
d
k(x)〉c〈A
b
k(x)Π
a′
i′ (x
′)〉c]
= g2fabcf cde[〈Abk(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c
+〈Abk(x)〉c〈A
e
i (x)〉c〈A
d
k(x)Π
a′
i′ (x
′)〉c + 〈A
e
i (x)〉c〈A
d
k(x)〉c〈A
b
k(x)Π
a′
i′ (x
′)〉c]
+g2fa
′bcf cde[〈Abk(x
′)〉c〈A
d
k(x
′)〉c〈Π
a
i (x)A
e
i′(x
′)〉c
+〈Abk(x
′)〉c〈A
e
i′(x
′)〉c〈Π
a
i (x)A
d
k(x
′)〉c + 〈A
e
i′(x
′)〉c〈A
d
k(x
′)〉c〈Π
a
i (x)A
b
k(x
′)〉c].(3.25)
Obviously Pii′ and Ted act in the same way by interchanging the fields or conjugate
momenta labeled by the spatial components i, i′ (in case of Pii′) or by the color indices
e, d (in case of Ted). Due to their length we have shifted the remaining equations of
motion for the connected 3- and 4-point gluon Green functions to Appendix B.
For the connected 2- and 4-point quark Green functions we obtain
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)〉c =
αiβα[∂xi〈u¯
a
β(x)u
a′
α′(x
′)〉c − gt
bac{〈u¯cβ(x)u
a′
α′(x
′)Abi(x)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)〉c〈A
b
i(x)〉c}]
+αiα′β[∂x′i〈u¯
a
α(x)u
a′
β (x
′)〉c − gt
ba′c{〈u¯aα(x)u
c
β(x
′)Abi(x
′)〉c + 〈u¯
a
α(x)u
c
β(x
′)〉c〈A
b
i(x
′)〉c}]
(3.26)
and
i
d
dt
〈u¯a
′
α′(x
′)u¯a
′′
α′′(x
′′)ub
′′
β′′(y
′′)ub
′
β′(y
′)〉c = α
i
βα′ [∂x′i〈u¯
a′
β (x
′)u¯a
′′
α′′(x
′′)ub
′′
β′′(y
′′)ub
′
β′(y
′)〉c
−gtba
′c{〈u¯cβ(x
′)u¯a
′′
α′′(x
′′)ub
′′
β′′(y
′′)ub
′
β′(y
′)〉c〈A
b
i(x
′)〉c + 〈u¯
c
β(x
′)ub
′
β′(y
′)〉c〈u¯
a′′
α′′(x
′′)ub
′′
β′′(y
′′)Abi(x
′)〉c
−〈u¯cβ(x
′)ub
′′
β′′(y
′′)〉c〈u¯
a′′
α′′(x
′′)ub
′
β′(y
′)Abi(x
′)〉c}]
+αiβ′β[∂y′i〈u¯
a′
α′(x
′)u¯a
′′
α′′(x
′′)ub
′′
β′′(y
′′)ub
′
β (y
′)〉c − gt
bb′c{〈u¯a
′
α′(x
′)u¯a
′′
α′′(x
′′)ub
′′
β′′(y
′′)ucβ(y
′)〉c〈A
b
i(y
′)〉c
−〈u¯a
′
α′(x
′)ub
′′
β′′(y
′′)Abi(y
′)〉c〈u¯
a′′
α′′(x
′′)ucβ(y
′)〉c + 〈u¯
a′
α′(x
′)ucβ(y
′)〉c〈u¯
a′′
α′′(x
′′)ub
′′
β′′(y
′′)Abi(y
′)〉c}]
+αiβα′′ [∂x′′i 〈u¯
a′
α′(x
′)u¯a
′′
β (x
′′)ub
′′
β′′(y
′′)ub
′
β′(y
′)〉c − gt
ba′′c{〈u¯a
′
α′(x
′)u¯cβ(x
′′)ub
′′
β′′(y
′′)ub
′
β′(y
′)〉c〈A
b
i(x
′′)〉c
+〈u¯a
′
α′(x
′)ub
′
β′(y
′)Abi(x
′′)〉c〈u¯
c
β(x
′′)ub
′′
β′′(y
′′)〉c − 〈u¯
a′
α′(x
′)ub
′′
β′′(y
′′)Abi(x
′′)〉c〈u¯
c
β(x
′′)ub
′
β′(y
′)〉c}]
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+αiβ′′β[∂y′′i 〈u¯
a′
α′(x
′)u¯a
′′
α′′(x
′′)ub
′′
β (y
′′)ub
′
β′(y
′)〉c − gt
bb′′c{〈u¯a
′
α′(x
′)u¯a
′′
α′′(x
′′)ucβ(y
′′)ub
′
β′(y
′)〉c〈A
b
i(y
′′)〉c
+〈u¯a
′
α′(x
′)ub
′
β′(y
′)Abi(y
′′)〉c〈u¯
a′′
α′′(x
′′)ucβ(y
′′)〉c − 〈u¯
a′
α′(x
′)ucβ(y
′′)〉c〈u¯
a′′
α′′(x
′′)ub
′
β′(y
′)Abi(y
′′)〉c}],
(3.27)
which represents all equations on the pure quark sector.
The equations of motion for the connected 3-point quark-gluon vertex Green func-
tions are given by
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Abi(y)〉c = i〈u¯
a
α(x)u
a′
α′(x
′)Πbi(y)〉c
+αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Abi(y)〉c − gt
b0ac{〈u¯cβ(x)u
a′
α′(x
′)Ab0k (x)A
b
i(y)〉c
+〈u¯cβ(x)u
a′
α′(x
′)〉c〈A
b0
k (x)A
b
i(y)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Abi(y)〉c〈A
b0
k (x)〉c}]
+αkα′β[∂x′k〈u¯
a
α(x)u
a′
β (x
′)Abi(y)〉c − gt
b0a
′c{〈u¯aα(x)u
c
β(x
′)Ab0k (x
′)Abi(y)〉c
+〈u¯aα(x)u
c
β(x
′)〉c〈A
b0
k (x
′)Abi(y)〉c + 〈u¯
a
α(x)u
c
β(x
′)Abi(y)〉c〈A
b0
k (x
′)〉c}] (3.28)
and
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Πbi(y)〉c = α
k
βα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Πbi(y)〉c
−gtb0ac{〈u¯cβ(x)u
a′
α′(x
′)Ab0k (x)Π
b
i(y)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)〉c〈A
b0
k (x)Π
b
i(y)〉c
+〈u¯cβ(x)u
a′
α′(x
′)Πbi(y)〉c〈A
b0
k (x)〉c}]
+αkα′β [∂x′k〈u¯
a
α(x)u
a′
β (x
′)Πbi(y)〉c − gt
b0a
′c{〈u¯aα(x)u
c
β(x
′)Ab0k (x
′)Πbi(y)〉c
+〈u¯aα(x)u
c
β(x
′)〉c〈A
b0
k (x
′)Πbi(y)〉c + 〈u¯
a
α(x)u
c
β(x
′)Πbi(y)〉c〈A
b0
k (x
′)〉c}]
+i∂2y〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)〉c − i∂yi∂yk〈u¯
a
α(x)u
a′
α′(x
′)Abk(y)〉c
+i2gf bb0c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab0k (y)A
c
i(z)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab0k (y)〉c〈A
c
i(z)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(z)〉c〈A
b0
k (y)〉c](y=z)
+ig2f bb0cf cde(1 + Tb0d + Tb0e)[〈u¯
a
α(x)u
a′
α′(x
′)Ab0k (y)〉c〈A
d
k(y)A
e
i (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab0k (y)〉c〈A
d
k(y)〉c〈A
e
i (y)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Adk(y)A
e
i (y)〉c〈A
b0
k (y)〉c]
+igf bb0c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab0k (z)A
c
i (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab0k (z)〉c〈A
c
i(y)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(y)〉c〈A
b0
k (z)〉c](y=z)
−igf bb0c∂zi [〈u¯
a
α(x)u
a′
α′(x
′)Ab0k (y)A
c
k(z)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab0k (y)〉c〈A
c
k(z)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Ack(z)〉c〈A
b0
k (y)〉c](y=z)
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+igtba
′cγiα′β′δ(x
′ − y)〈u¯aα(x)u
c
β′(y)〉c
+igtbb0cγiββ′[〈u¯
a
α(x)u¯
b0
β (y)u
c
β′(y)u
a′
α′(x
′)〉c − 〈u¯
a
α(x)u
c
β′(y)〉c〈u¯
b0
β (y)u
a′
α′(x
′)〉c], (3.29)
while the explicit equations of motion for the connected 4-point mixed quark and gluon
Green functions are shifted to Appendix B again.
The closed set of equations (3.20) - (3.24) and (3.26) - (3.29) including (B.1) to
(B.12) will be denoted as Constraint QCD (CQCD) equations furtheron.
4 Compatibility with Gauss law and Ward
identities
The aim of the present section is to show the compatibility of the CQCD equations
with the Gauss law and the Ward identities, respectively (cf. [22]). For this purpose,
we first note that the operators ga(x) at equal times constitute a set of local generators
for the SU(N) gauge group because of [16]
[ga(r; t), gb(r′, t)] = ifabcgc(r, t) δ3(r− r′). (4.1)
Furthermore, the Gauss law operator commutes with the Hamiltonian [16]
[ga(r, t), H ] = 0 (4.2)
which expresses the conservation of ga in time
d
dt
ga(r, t) =
1
i
[ga(r, t), H ] = 0. (4.3)
Equations (4.2) and (4.3) imply that within the temporal gauge the system evolved
in time by H has a residual gauge symmetry and the Gauss operators ga(r, t) are the
local generators of the residual gauge symmetry.
Now we assume the actual realization of the Gauss law as a quantum expectation
value
〈p|ga(r, t)|p〉 = 0 (4.4)
instead of (2.23). This may be considered as a weak form of the Gauss law, since it
is less restrictive for the physical states than (2.23). For example, the perturbative
vacuum |0〉 fulfills (4.4) but not (2.23) [23]. Also (4.4) allows for the local propagation
of colored objects, whereas (2.23) restricts to color-singlet objects. These consequences
of (4.4) are exactly what we aim at for describing properties of the quark-gluon plasma.
Furthermore, since all ga(x) are conserved quantities and the field equations of mo-
tion are generated by H , the weak Gauss law is conserved identically in time provided
that it is fulfilled initially. This is just what we have been aiming at: The Hamiltonian
dynamics are compatible with the conservation of the weak Gauss law, and the prob-
lem is shifted to an initial value problem. This statement still holds within 4-point
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correlation dynamics, since the Gauss law operator contains two-point operators at
most.
Whereas the weak Gauss law is a constraint imposed on the lowest order Green
functions of the fields by the residual gauge symmetry, the Ward identities impose
constraints on higher order Green functions due to the same residual gauge symmetry.
We start defining a Lie operation Lga(r,t) by
Lga(r,t)g
b(r′, t) =: [ga(r, t), gb(r′, t)]. (4.5)
From the algebraic structure of ga(r, t) (4.1) we get
Lga1 (r1,t)Lga2 (r2,t)g
a3(r3, t) = (i)
2 fa1bcfa2a3bδ3(r2 − r3)δ
3(r1 − r2)g
c(r1, t), (4.6)
or
Lga1 (r1,t)Lga2 (r2,t) · · ·Lgan−1 (rn−1,t)g
an(rn, t) = F
a1···anan+1(r1, · · · , rn)g
an+1(r1, t), (4.7)
where F a1···anan+1(r1, · · · , rn) is a complex function of {r1, · · · , rn}. Thus we obtain
from (4.4)
〈p|[ga1(r1, t), g
a2(r2, t)]|p〉 = 0 (4.8)
〈p|Lga1 (r1,t)Lga2 (r2,t)g
a3(r3, t)|p〉 = 0 (4.9)
and
〈p|Lga1(r1,t)Lga2(r2,t) · · ·Lgan−1 (rn−1,t)g
an(rn, t)|p〉 = 0. (4.10)
The relation between (4.8), (4.9), (4.10) and gauge invariance can be established as
follows. Since H due to the temporal gauge has a residual gauge symmetry generated
by the local algebra {ga(r, t)}, the residual group U(g) will generate a set Hgp of
physical states |p〉g from any physical state |p〉
|p〉g = U(g)|p〉; for |p〉gǫ Hpg, (4.11)
where the residual group element is given by
U(g) = exp
(
i
∫
d3r gbωb
)
, (4.12)
where ωb = ωb(r) are the local gauge transformation angles. The state |p〉g has the
same energy as |p〉 since
g〈p|H|p〉g = 〈p|U
−1(g)HU(g)|p〉 = 〈p|H|p〉. (4.13)
The weak Gauss law is fulfilled as well
g〈p|g
a|p〉g = 〈p| exp(−i
∫
gbωb d3r) ga exp(i
∫
gcωc d3r)|p〉
= 〈p|Uab g
b|p〉 = 0, (4.14)
where Uab is a color matrix containing the gauge transformation angles.
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From the theory of Lie groups it is evident that (4.10) and (4.14) are equivalent.
Furthermore, since U(g) generates a gauge transformation for the SU(N) gauge fields,
any gauge invariant physical observable O has the same expectation value within the
set Hpg.
Since the weak Gauss law is conserved in time within a 4-point truncation scheme,
all Ward identities which follow from the group properties (4.1) of the Gauss law
operators in combination with the weak Gauss law, such as (4.8), (4.9) and (4.10),
will also be conserved. This is due to the fact that correlation dynamics in general
conserves the commutation and anticommutation relations of all field operators within
Green functions, which leads to a conservation of the expectation values of all operator
equations generated by these relations. The problem of the Ward identities thus is
again shifted to an initial value problem.
5 Summary and discussion
In this work we have derived a closed set of equations of motion for connected Green
functions of quark and SU(N) gluon fields up to the 4-point level. The resulting set
of equations, which we for abbreviation will denote by Constraint QCD (CQCD)
equations furtheron, fulfill the conservation of linear momentum, angular-momentum
and total energy throughout time as well as the weak Gauss law and the Ward identities
- as generated by commutators of Gauss operators - provided that the initial conditions
follow the gauge constraints. The latter may be achieved, for example, by a functional
containing the chromomagnetic field (2.8), which obeys the Gauss law [24]. It might be
used as a trial wave function in a variational calculation within a finite number of basis
states. Alternatively, one might start from perturbative gluon-field configurations and
increase the coupling g from zero adiabatically for the preparation of an initial state 1.
We note that the CQCD equations can easily be transformed into transport equa-
tions by means of a Wigner transformation with respect to the space-time degrees of
freedom, which is nothing but a unitary transformation. Since the latter transfor-
mation has been performed quite often in the literature, we do not present the final
expressions for reasons of missing compactness.
The actual goal is a numerical integration of the CQCD equations within a finite ba-
sis set in analogy to the works performed in the nuclear physics context [25] - [29] which
appear to quite naturally explain a variety of non-perturbative nuclear phenomena [30].
Though the actual expressions in Appendix B appear very cumbersome, we note that
the reduction of the quark-gluon many-body problem – as e.g. studied by lattice QCD
in thermal equilibrium – to a nonlinear two-body problem provides a numerical task
of lower complexity than the original QCD equations on the lattice. Furthermore, the
CQCD equations allow to study the dynamical evolution of non-equilibrium configu-
rations of quarks and gluons and to explore the low-energy QCD dynamics, especially
the linear response of systems close to the ground state. However, it is not clear if the
actual solutions of our approach will reproduce all the physical phenomena of the full
1Note that the perturbative vacuum |0〉 is a physical state in our realization of the gauge constraint
because it fulfills (4.4).
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QCD equations. Before speculating about the convergence of the CQCD equations we
prefer to analyse the numerical results first. Such work is in progress.
One of the authors (S. J. W.) likes to thank Prof. U. Mosel for the kind hospitality
at the University of Giessen where this work was performed.
References
[1] E.V. Shuryak, Phys. Rep. 115 (1984) 151.
[2] T. Hatsuda, Nucl. Phys. A544 (1992) 27c.
[3] B. Peterson, Nucl. Phys. A525 (1991) 237c.
[4] T.S. Biro´, Ann. Phys. (N.Y.) 191 (1989) 1.
[5] M.H. Thoma and H.J. Mang, Z. Phys. C44 (1989) 349; M.H. Thoma, Mod. Phys.
Lett. A7 (1992) 153.
[6] J. Ahlbach, M. Lavelle, M. Schaden, and A. Streibl, Phys. Lett. B275 (1992) 124.
[7] C.D. Roberts and A.G. Williams, Progr. Part. Nucl. Phys. (1994) in print.
[8] H.-Th. Elze, M. Gyulassy, and D. Vasak, Phys. Lett. B177 (1986) 402; Nucl.
Phys. B276 (1986) 706.
[9] H.-Th. Elze and U. Heinz, Phys. Rep. 183 (1989) 81.
[10] I. Bialynicki-Birula, E.D. Davis, and J. Rafelski, Phys. Lett. B311 (1993) 329.
[11] S.J. Wang and W. Cassing, Ann. Phys. (N.Y.) 159 (1985) 328.
[12] S.J. Wang and W. Cassing, Nucl. Phys. A495 (1989) 371c.
[13] W. Cassing and S.J. Wang, Z. Phys. A337 (1990) 1.
[14] S.J. Wang, B.A. Li, W. Bauer, and J. Randrup, Ann. Phys. (N.Y.) 209 (1991)
251.
[15] S.J. Wang, W. Zuo, and W. Cassing, Nucl Phys. A573 (1994) 245.
[16] N.H. Christ and T.D. Lee, Phys. Rev. D22 (1980) 939; T.D. Lee, Particle Physics
and Introduction to Field Theory, Harwood, Chur, 1981.
[17] F. Lenz, H.W.L. Naus, and M. Thies, QCD in the Axial Gauge Representation,
Preprint University of Erlangen, Oct. 1993, Ann. Phys. (1994) in print.
[18] J.M. Cornwall, Phys. Rev. D38 (1988) 656; J.E. Shrauner, J. Phys. G19 (1993)
979.
15
[19] A. Pfitzner, W. Cassing, and A. Peter, Nucl. Phys. A (1994) in print.
[20] P. Becher, M. Bo¨hm, and H. Joos, Eichtheorien der starken und elektroschwachen
Wechselwirkung, Teubner, Stuttgart, 1981.
[21] J.M. Ha¨user, Diploma Thesis, University of Giessen 1994, to be published.
[22] S.J. Wang, W. Cassing, and M.H. Thoma, Phys. Lett. B324 (1994) 5.
[23] M.H. Thoma, Ph.D. thesis, TU Mu¨nchen (1988).
[24] J.P. Greensite, Nucl. Phys. B158 (1979) 469; R.P. Feynman, Nucl. Phys. B185
(1981) 479; P.E. Haagensen, Barcelona University preprint UB-ECM-PF 93/16
(1993).
[25] M. Gong and M. Tohyama, Z. Phys. A335 (1990) 153.
[26] M. Gong, M. Tohyama and J. Randrup, Z. Phys. A335 (1990) 331.
[27] F.V. De Blasio, W. Cassing, M. Tohyama, P.F. Bortignon, and R.A. Broglia,
Phys. Rev. Lett. 68 (1992) 1663.
[28] W. Cassing, A. Peter, and A. Pfitzner, Nucl. Phys. A561 (1993) 133.
[29] A. Peter, W. Cassing, J.M. Ha¨user, and A. Pfitzner, Nucl. Phys. A573 (1994) 93.
[30] W. Cassing and U. Mosel, Progr. Part. Nucl. Phys. 25 (1990) 235.
16
Appendix
A Cluster expansions
By taking the functional derivative of the generating functional (3.10) with respect
to the different sources (cf. Sect. 3) we obtain the relevant cluster expansions of
Green functions up to sixth order in the gluon, quark, and mixed sector of the SU(N)
gauge theory. For reasons of compactness we introduce the general particle exchange
operators
Skl = (1 +
k∑
n=l
[P1n + P2n] +
k−1∑
n=l
k∑
j=n+1
P1nP2j), (A.1)
where Pij is the two-body permutation operator. Here i and j represent the set of quan-
tum numbers characterizing the gauge fields, the corresponding conjugate momenta or
the quark spinors.
We note that any application of the Pij operators has to ensure the original order
of the field operators within the connected Green functions.
A.1 Gluon sector
In the following the integer numbers between brackets stand for gauge fields Aai or
conjugate momenta Πai . The cluster expansions then can be written in compact form
as:
〈1〉 = 〈1〉c, (A.2)
〈12〉 = 〈12〉c + 〈1〉〈2〉, (A.3)
〈123〉 = 〈123〉c + (1 +
3∑
n=2
P1n)〈1〉〈23〉c + 〈1〉〈2〉〈3〉, (A.4)
〈1234〉 = 〈1234〉c + (1 +
4∑
n=2
P1n)〈1〉〈234〉c + (1 +
4∑
n=3
P2n)〈12〉c〈34〉c
+S43 〈1〉〈2〉〈34〉c + 〈1〉〈2〉〈3〉〈4〉, (A.5)
〈12345〉 = (1 +
5∑
n=2
P1n)〈1〉〈2345〉c
+S53 [〈12〉c〈345〉c + 〈1〉〈2〉〈345〉c + 〈12〉c〈3〉〈4〉〈5〉]
+(1 +
4∑
n=1
P5n)(1 +
4∑
n=3
P2n)〈12〉c〈34〉c〈5〉+ 〈1〉〈2〉〈3〉〈4〉〈5〉, (A.6)
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〈123456〉 = (1 +
6∑
n=4
3∑
j=1
Pjn)[〈123〉c〈456〉c + (1 + P14P25P36)〈123〉c〈4〉〈5〉〈6〉]
+S63 [〈12〉c〈3456〉c + 〈1〉〈2〉〈3456〉c + 〈12〉c〈3〉〈4〉〈5〉〈6〉]
+S63 (1 +
6∑
n=5
P4n)〈1〉〈2〉〈34〉c〈56〉c + (1 +
5∑
n=1
P6n)S
5
3 〈12〉c〈345〉c〈6〉
+(1 +
4∑
n=1
P5n)(1 +
4∑
n=3
P2n)〈12〉c〈34〉c〈56〉c + 〈1〉〈2〉〈3〉〈4〉〈5〉〈6〉. (A.7)
The number of terms for the 1-, 2-,..., 5-, and 6-point gluon Green functions consist
out of 1, 2, 5, 15, 52, and 203 different contributions, respectively. Due to the applied
truncation scheme we have neglected the connected 5-point function 〈12345〉c in (A.6)
and the terms (1 +
∑6
n=2P1n)〈1〉〈23456〉c and 〈123456〉c in (A.7).
A.2 Quark sector
The argument i of a quark spinor u(i) in this subsection stands for the spatial coordi-
nates and the Dirac, flavor and color indices of a quark i. The cluster expansions then
can be written as:
〈u¯(1)u(1′)〉 = 〈u¯(1)u(1′)〉c, (A.8)
〈u¯(1)u¯(2)u(2′)u(1′)〉 = 〈u¯(1)u¯(2)u(2′)u(1′)〉c + (1− P1′2′)〈u¯(1)u(1
′)〉c〈u¯(2)u(2
′)〉c,
(A.9)
〈u¯(1)u¯(2)u¯(3)u(3′)u(2′)u(1′)〉 =
(1− P1′2′ −P1′3′ − P2′3′ + P23(P1′3′ + P1′2′))〈u¯(1)u(1
′)〉c〈u¯(2)u(2
′)〉c〈u¯(3)u(3
′)〉c
+(1− P1′2′ −P1′3′)〈u¯(1)u(1
′)〉c〈u¯(2)u¯(3)u(3
′)u(2′)〉c
+(1− P1′2′ −P2′3′)〈u¯(2)u(2
′)〉c〈u¯(1)u¯(3)u(3
′)u(1′)〉c
+(1− P1′3′ −P2′3′)〈u¯(3)u(3
′)〉c〈u¯(1)u¯(2)u(2
′)u(1′)〉c. (A.10)
The number of terms for the 2-, 4-, and 6-point quark Green functions consist out of
1, 3, and 16 contributions, respectively. Due to the truncation on the 4-point level we
have neglected the connected 6-point function 〈u¯(1)u¯(2)u¯(3)u(3′)u(2′)u(1′)〉c in (A.10).
A.3 Mixed sector
In the mixed sector of the SU(N) gauge theory the Green functions contain quark and
gluon field operators simultaneously. Here the u(i) represent the quark spinors while
the numbers 2, 3, 4, and 5 stand for gauge fields or conjugate momenta as in Subsection
A.1. Since the explicit cluster expansions in the gluon sector are presented in (A.2)
- (A.7) we have not specified the expansions of the pure gluonic Green functions in
(A.11) - (A.16). The expansions up to the 4-point connected level read:
〈u¯(1)u(1′)2〉 = 〈u¯(1)u(1′)2〉c + 〈u¯(1)u(1
′)〉c〈2〉, (A.11)
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〈u¯(1)u(1′)23〉 = 〈u¯(1)u(1′)23〉c + 〈u¯(1)u(1
′)〉c〈23〉+ (1 + P23)〈u¯(1)u(1
′)2〉c〈3〉,(A.12)
〈u¯(1)u(1′)234〉 = 〈u¯(1)u(1′)〉c〈234〉+ (1 + P23 + P24)〈u¯(1)u(1
′)2〉c〈34〉
+(1 + P24 + P34)〈u¯(1)u(1
′)23〉c〈4〉, (A.13)
〈u¯(1)u(1′)2345〉 = 〈u¯(1)u(1′)〉c〈2345〉+ (1 +
5∑
n=3
P2n)〈u¯(1)u(1
′)2〉c〈345〉
+(1 +
5∑
n=4
[P2n + P3n] + P24P35)〈u¯(1)u(1
′)23〉c〈45〉, (A.14)
〈u¯(1)u¯(2)u(2′)u(1′)3〉 = 〈u¯(1)u¯(2)u(2′)u(1′)〉c〈3〉
+(1− P1′2′)[〈u¯(1)u(1
′)〉c〈u¯(2)u(2
′)〉c〈3〉+ 〈u¯(1)u(1
′)3〉c〈u¯(2)u(2
′)〉c
+〈u¯(1)u(1′)〉c〈u¯(2)u(2
′)3〉c], (A.15)
〈u¯(1)u¯(2)u(2′)u(1′)34〉 = 〈u¯(1)u¯(2)u(2′)u(1′)〉c〈34〉
+(1−P1′2′)[〈u¯(1)u(1
′)〉c〈u¯(2)u(2
′)〉c〈34〉+ 〈u¯(1)u(1
′)34〉c〈u¯(2)u(2
′)〉c
+〈u¯(1)u(1′)〉c〈u¯(2)u(2
′)34〉c + (1 + P34)〈u¯(1)u(1
′)3〉c〈u¯(2)u(2
′)4〉c]. (A.16)
The original cluster expansions (A.11) - (A.16) consist out of 2, 5, 15, 52, 8, and
17 terms. Because of the truncation scheme on the 4-point level we have neglected
〈u¯(1)u(1′)234〉c in (A.13), 〈u¯(1)u(1
′)2345〉c and (1 +
∑5
n=3P2n)〈u¯(1)u(1
′)345〉c〈2〉 in
(A.14), 〈u¯(1)u¯(2)u(2′)u(1′)3〉c in (A.15), and 〈u¯(1)u¯(2)u(2
′)u(1′)34〉c and
(1 + P34)〈u¯(1)u¯(2)u(2
′)u(1′)3〉c〈4〉 in (A.16).
B Equations of motion for connected Green func-
tions
B.1 Gluon sector
Whereas the time evolution of the 1-point and 2-point gluon Green functions is given
in (3.20) - (3.24) we here continue with the 3- and 4-point functions. In order to allow
for a compact presentation we again use the permutation operators Pii′ and Ted as
defined in Section 3. The equations of motion for the connected 3-point gluon Green
functions read:
d
dt
〈Aai (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c = 〈Π
a
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+〈Aai (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c + 〈A
a
i (x)A
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c, (B.1)
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ddt
〈Πai (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c + 〈Π
a
i (x)A
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+∂2x〈A
a
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c − ∂xi∂xk〈A
a
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+2gfabc∂yk [〈A
b
k(x)A
c
i(y)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
c
i(y)A
a′′
i′′ (x
′′)〉c}](x=y)
+g2fabcf cde(1 + Teb + Ted)[〈A
b
k(x)A
d
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+(1 + Tbd)〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
d
k(x)A
a′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+〈Abk(x)〉c〈A
d
k(x)〉c〈A
e
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Ta′a′′)〈A
b
k(x)A
d
k(x)A
a′
i′ (x
′)〉c〈A
e
i (x)A
a′′
i′′ (x
′′)〉c
+〈Abk(x)A
d
k(x)〉c〈A
e
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c]
+gfabc∂yk [〈A
b
k(y)A
c
i(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(y)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′)〈A
b
k(y)A
a′
i′ (x
′)〉c〈A
c
i(x)A
a′′
i′′ (x
′′)〉c}](x=y)
−gfabc∂yi [〈A
b
k(x)A
c
k(y)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb)〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
c
k(y)A
a′′
i′′ (x
′′)〉c}](x=y)
+gtabcγiαβ〈u¯
b
α(x)u
c
β(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c, (B.2)
d
dt
〈Πai (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+(1 + Pii′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c − ∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c]
+2g(1 + Pii′)f
abc∂yk [〈A
b
k(x)A
c
i(y)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
i(y)A
a′′
i′′ (x
′′)〉c}](x=y)
+g2(1 + Pii′)f
abcf cde(1 + Teb + Ted)
×[〈Abk(x)A
d
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+(1 + Tbd)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
d
k(x)A
a′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+〈Abk(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Ta′a′′)〈A
b
k(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)A
a′′
i′′ (x
′′)〉c
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+〈Abk(x)A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c]
+g(1 + Pii′)f
abc∂yk [〈A
b
k(y)A
c
i(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(y)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′)〈A
b
k(y)Π
a′
i′ (x
′)〉c〈A
c
i(x)A
a′′
i′′ (x
′′)〉c}](x=y)
−g(1 + Pii′)f
abc∂yi [〈A
b
k(x)A
c
k(y)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
k(y)A
a′′
i′′ (x
′′)〉c}](x=y)
+g(1 + Pii′)t
abcγiαβ〈u¯
b
α(x)u
c
β(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c, (B.3)
d
dt
〈Πai (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c =
(1 + Pii′ + Pii′′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c − ∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c]
+2g(1 + Pii′ + Pii′′)f
abc∂yk [〈A
b
k(x)A
c
i (y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
i(y)Π
a′′
i′′ (x
′′)〉c}](x=y)
+g2(1 + Pii′ + Pii′′)f
abcf cde(1 + Teb + Ted)
×[〈Abk(x)A
d
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+(1 + Tbd)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
d
k(x)Π
a′′
i′′ (x
′′)〉c〈A
e
i (x)〉c
+〈Abk(x)〉c〈A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+(1 + Ta′a′′)〈A
b
k(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)A
a′′
i′′ (x
′′)〉c
+〈Abk(x)A
d
k(x)〉c〈A
e
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c]
+g(1 + Pii′ + Pii′′)f
abc∂yk [〈A
b
k(y)A
c
i(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′)〈A
b
k(y)Π
a′
i′ (x
′)〉c〈A
c
i(x)Π
a′′
i′′ (x
′′)〉c}](x=y)
−g(1 + Pii′ + Pii′′)f
abc∂yi [〈A
b
k(x)A
c
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c
+(1 + Tcb){〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′)〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
c
k(y)Π
a′′
i′′ (x
′′)〉c}](x=y)
+g(1 + Pii′ + Pii′′)t
abcγiαβ〈u¯
b
α(x)u
c
β(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c. (B.4)
The equations of motion for connected 4-point gluon Green functions are the most
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cumbersome of our approach and read:
d
dt
〈Aai (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c = 〈Π
a
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Aai (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c + 〈A
a
i (x)A
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Aai (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c, (B.5)
d
dt
〈Πai (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Πai (x)A
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c + 〈Π
a
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
+∂2x〈A
a
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c − ∂xi∂xk〈A
a
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+2gfabc∂yk(1 + Tcb)[〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(y)A
a′′′
i′′′ (x
′′′)〉c](x=y)
+g2fabcf cde(1 + Teb + Ted)
×[(〈Abk(x)〉c〈A
d
k(x)〉c + 〈A
b
k(x)A
d
k(x)〉c)〈A
e
i (x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+(1 + Tdb){〈A
b
k(x)A
a′
i′ (x
′)〉c〈A
d
k(x)A
a′′
i′′ (x
′′)〉c〈A
e
i (x)A
a′′′
i′′′ (x
′′′)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
d
k(x)A
a′′′
i′′′ (x
′′′)〉c〈A
e
i (x)〉c}
+(1 + Ta′a′′ + Ta′a′′′){〈A
b
k(x)A
d
k(x)A
a′
i′ (x
′)〉c〈A
e
i (x)A
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Abk(x)A
d
k(x)A
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
e
i (x)A
a′
i′ (x
′)〉c}]
+gfabc∂yk(1 + Tcb)[〈A
b
k(y)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(y)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(x)A
a′′′
i′′′ (x
′′′)〉c](x=y)
−gfabc∂yi(1 + Tcb)[〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)A
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
k(y)A
a′′′
i′′′ (x
′′′)〉c](x=y), (B.6)
d
dt
〈Πai (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Πai (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
+(1 + Pii′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
−∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c]
+2g(1 + Pii′)f
abc∂yk(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(y)A
a′′′
i′′′ (x
′′′)〉c](x=y)
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+g2(1 + Pii′)f
abcf cde(1 + Teb + Ted)
×[(〈Abk(x)〉c〈A
d
k(x)〉c + 〈A
b
k(x)A
d
k(x)〉c)〈A
e
i (x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+(1 + Tdb){〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
d
k(x)A
a′′
i′′ (x
′′)〉c〈A
e
i (x)A
a′′′
i′′′ (x
′′′)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
d
k(x)A
a′′′
i′′′ (x
′′′)〉c〈A
e
i (x)〉c}
+(1 + Ta′a′′ + Ta′a′′′){〈A
b
k(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)A
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Abk(x)A
d
k(x)A
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c}]
+g(1 + Pii′)f
abc∂yk(1 + Tcb)[〈A
b
k(y)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(y)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
i(x)A
a′′′
i′′′ (x
′′′)〉c](x=y)
−g(1 + Pii′)f
abc∂yi(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Aa
′′
i′′ (x
′′)〉c〈A
c
k(y)A
a′′′
i′′′ (x
′′′)〉c](x=y), (B.7)
d
dt
〈Πai (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c = 〈Π
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
+(1 + Pii′ + Pii′′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
−∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c]
+2g(1 + Pii′ + Pii′′)f
abc∂yk(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(y)A
a′′′
i′′′ (x
′′′)〉c](x=y)
+g2(1 + Pii′ + Pii′′)f
abcf cde(1 + Teb + Ted)
×[(〈Abk(x)〉c〈A
d
k(x)〉c + 〈A
b
k(x)A
d
k(x)〉c)〈A
e
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+(1 + Tdb){〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
d
k(x)Π
a′′
i′′ (x
′′)〉c〈A
e
i (x)A
a′′′
i′′′ (x
′′′)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
d
k(x)A
a′′′
i′′′ (x
′′′)〉c〈A
e
i (x)〉c}
+(1 + Ta′a′′ + Ta′a′′′){〈A
b
k(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)Π
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c
+〈Abk(x)A
d
k(x)Π
a′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c}]
+g(1 + Pii′ + Pii′′)f
abc∂yk(1 + Tcb)[〈A
b
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(x)A
a′′′
i′′′ (x
′′′)〉c](x=y)
−g(1 + Pii′ + Pii′′)f
abc∂yi(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Aa
′′′
i′′′ (x
′′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
k(y)A
a′′′
i′′′ (x
′′′)〉c](x=y), (B.8)
d
dt
〈Πai (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c =
(1 + Pii′ + Pii′′ + Pii′′′)[∂
2
x〈A
a
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
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−∂xi∂xk〈A
a
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c]
+2g(1 + Pii′ + Pii′′ + Pii′′′)f
abc∂yk(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c〈A
c
i(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(y)Π
a′′′
i′′′ (x
′′′)〉c](x=y)
+g2(1 + Pii′ + Pii′′ + Pii′′′)f
abcf cde(1 + Teb + Ted)
×[(〈Abk(x)〉c〈A
d
k(x)〉c + 〈A
b
k(x)A
d
k(x)〉c)〈A
e
i (x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
+(1 + Tdb){〈A
b
k(x)Π
a′
i′ (x
′)〉c〈A
d
k(x)Π
a′′
i′′ (x
′′)〉c〈A
e
i (x)Π
a′′′
i′′′ (x
′′′)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
d
k(x)Π
a′′′
i′′′ (x
′′′)〉c〈A
e
i (x)〉c}
+(1 + Ta′a′′ + Ta′a′′′){〈A
b
k(x)A
d
k(x)Π
a′
i′ (x
′)〉c〈A
e
i (x)Π
a′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c
+〈Abk(x)A
d
k(x)Π
a′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c〈A
e
i (x)Π
a′
i′ (x
′)〉c}]
+g(1 + Pii′ + Pii′′ + Pii′′′)f
abc∂yk(1 + Tcb)[〈A
b
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c〈A
c
i(x)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(y)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
i(x)Π
a′′′
i′′′ (x
′′′)〉c](x=y)
−g(1 + Pii′ + Pii′′ + Pii′′′)f
abc∂yi(1 + Tcb)[〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)Πa
′′′
i′′′ (x
′′′)〉c〈A
c
k(y)〉c
+(1 + Ta′a′′′ + Ta′′a′′′)〈A
b
k(x)Π
a′
i′ (x
′)Πa
′′
i′′ (x
′′)〉c〈A
c
k(y)Π
a′′′
i′′′ (x
′′′)〉c](x=y). (B.9)
B.2 Mixed sector
The remaining equations of motion - not specified in Section 3 - read as follows:
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Abi(y)A
b′
i′ (y
′)〉c =
i〈u¯aα(x)u
a′
α′(x
′)Πbi(y)A
b′
i′ (y
′)〉c + i〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)Π
b′
i′ (y
′)〉c
+αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Abi(y)A
b′
i′ (y
′)〉c
−gtb
′′ac{〈u¯cβ(x)u
a′
α′(x
′)〉c〈A
b′′
k (x)A
b
i(y)A
b′
i′ (y
′)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Abi(y)〉c〈A
b′′
k (x)A
b′
i′ (y
′)〉c
+〈u¯cβ(x)u
a′
α′(x
′)Ab
′
i′ (y
′)〉c〈A
b′′
k (x)A
b
i(y)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Abi(y)A
b′
i′ (y
′)〉c〈A
b′′
k (x)〉c}]
+αkα′β[∂x′k〈u¯
a
α(x)u
a′
β (x
′)Abi(y)A
b′
i′ (y
′)〉c
−gtb
′′a′c{〈u¯aα(x)u
c
β(x
′)〉c〈A
b′′
k (x
′)Abi(y)A
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
c
β(x
′)Abi(y)〉c〈A
b′′
k (x
′)Ab
′
i′ (y
′)〉c
+〈u¯aα(x)u
c
β(x
′)Ab
′
i′ (y
′)〉c〈A
b′′
k (x
′)Abi(y)〉c
+〈u¯aα(x)u
c
β(x
′)Abi(y)A
b′
i′ (y
′)〉c〈A
b′′
k (x
′)〉c}], (B.10)
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Πbi(y)A
b′
i′ (y
′)〉c = i〈u¯
a
α(x)u
a′
α′(x
′)Πbi(y)Π
b′
i′ (y
′)〉c
+αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Πbi(y)A
b′
i′ (y
′)〉c
−gtb
′′ac{〈u¯cβ(x)u
a′
α′(x
′)〉c〈A
b′′
k (x)Π
b
i(y)A
b′
i′ (y
′)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Πbi(y)〉c〈A
b′′
k (x)A
b′
i′ (y
′)〉c
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+〈u¯cβ(x)u
a′
α′(x
′)Ab
′
i′ (y
′)〉c〈A
b′′
k (x)Π
b
i(y)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Πbi(y)A
b′
i′ (y
′)〉c〈A
b′′
k (x)〉c}]
+αkα′β[∂x′k〈u¯
a
α(x)u
a′
β (x
′)Πbi(y)A
b′
i′ (y
′)〉c
−gtb
′′a′c{〈u¯aα(x)u
c
β(x
′)〉c〈A
b′′
k (x
′)Πbi(y)A
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
c
β(x
′)Πbi(y)〉c〈A
b′′
k (x
′)Ab
′
i′ (y
′)〉c
+〈u¯aα(x)u
c
β(x
′)Ab
′
i′ (y
′)〉c〈A
b′′
k (x
′)Πbi(y)〉c + 〈u¯
a
α(x)u
c
β(x
′)Πbi(y)A
b′
i′ (y
′)〉c〈A
b′′
k (x
′)〉c}]
+i∂2y〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)A
b′
i′ (y
′)〉c − i∂yi∂yk〈u¯
a
α(x)u
a′
α′(x
′)Abk(y)A
b′
i′ (y
′)〉c
+i2gf bb
′′c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
c
i(z)A
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Aci(z)〉c〈A
b′′
k (y)A
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(z)A
b′
i′ (y
′)〉c〈A
b′′
k (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)A
b′
i′ (y
′)〉c〈A
c
i(z)〉c](y=z)
+ig2f bb
′′cf cde(1 + Tb′′d + Tb′′e)[〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
d
k(y)A
e
i (y)A
b′
i′ (y
′)〉c
+(1 + Tde)〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
d
k(y)〉c〈A
e
i (y)A
b′
i′ (y
′)〉c
+(1 + Tb′′dTb′e)〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)A
b′
i′ (y
′)〉c〈A
d
k(y)A
e
i (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)A
b′
i′ (y
′)〉c〈A
d
k(y)〉c〈A
e
i (y)〉c]
+igf bb
′′c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (z)〉c〈A
c
i(y)A
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Aci(y)〉c〈A
b′′
k (z)A
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(y)A
b′
i′ (y
′)〉c〈A
b′′
k (z)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (z)A
b′
i′ (y
′)〉c〈A
c
i(y)〉c](y=z)
−igf bb
′′c∂zi [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
c
k(z)A
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ack(z)〉c〈A
b′′
k (y)A
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Ack(z)A
b′
i′ (y
′)〉c〈A
b′′
k (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)A
b′
i′ (y
′)〉c〈A
c
k(z)〉c](y=z)
+igtba
′cγiα′β′δ(x
′ − y)〈u¯aα(x)u
c
β′(y)A
b′
i′ (y
′)〉c
−igtbb
′′cγiββ′[〈u¯
a
α(x)u
c
β′(y)A
b′
i′ (y
′)〉c〈u¯
b′′
β (y)u
a′
α′(x
′)〉c
+〈u¯aα(x)u
c
β′(y)〉c〈u¯
b′′
β (y)u
a′
α′(x
′)Ab
′
i′ (y
′)〉c], (B.11)
i
d
dt
〈u¯aα(x)u
a′
α′(x
′)Πbi(y)Π
b′
i′ (y
′)〉c =
αkβα[∂xk〈u¯
a
β(x)u
a′
α′(x
′)Πbi(y)Π
b′
i′ (y
′)〉c
−gtb
′′ac{〈u¯cβ(x)u
a′
α′(x
′)〉c〈A
b′′
k (x)Π
b
i(y)Π
b′
i′ (y
′)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Πbi(y)〉c〈A
b′′
k (x)Π
b′
i′ (y
′)〉c
+〈u¯cβ(x)u
a′
α′(x
′)Πb
′
i′ (y
′)〉c〈A
b′′
k (x)Π
b
i(y)〉c + 〈u¯
c
β(x)u
a′
α′(x
′)Πbi(y)Π
b′
i′ (y
′)〉c〈A
b′′
k (x)〉c}]
+αkα′β[∂x′k〈u¯
a
α(x)u
a′
β (x
′)Πbi(y)Π
b′
i′ (y
′)〉c
−gtb
′′a′c{〈u¯aα(x)u
c
β(x
′)〉c〈A
b′′
k (x
′)Πbi(y)Π
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
c
β(x
′)Πbi(y)〉c〈A
b′′
k (x
′)Πb
′
i′ (y
′)〉c
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+〈u¯aα(x)u
c
β(x
′)Πb
′
i′ (y
′)〉c〈A
b′′
k (x
′)Πbi(y)〉c + 〈u¯
a
α(x)u
c
β(x
′)Πbi(y)Π
b′
i′ (y
′)〉c〈A
b′′
k (x
′)〉c}]
+i(1 + Pii′)[∂
2
y〈u¯
a
α(x)u
a′
α′(x
′)Abi(y)Π
b′
i′ (y
′)〉c − ∂yi∂yk〈u¯
a
α(x)u
a′
α′(x
′)Abk(y)Π
b′
i′ (y
′)〉c]
+i2g(1 + Pii′)f
bb′′c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
c
i(z)Π
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Aci(z)〉c〈A
b′′
k (y)Π
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(z)Π
b′
i′ (y
′)〉c〈A
b′′
k (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)Π
b′
i′ (y
′)〉c〈A
c
i(z)〉c](y=z)
+ig2(1 + Pii′)f
bb′′cf cde(1 + Tb′′d + Tb′′e)[〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
d
k(y)A
e
i (y)Π
b′
i′ (y
′)〉c
+(1 + Tde)〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
d
k(y)〉c〈A
e
i (y)Π
b′
i′ (y
′)〉c
+(1 + Tb′′dTb′e)〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)Π
b′
i′ (y
′)〉c〈A
d
k(y)A
e
i (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)Π
b′
i′ (y
′)〉c〈A
d
k(y)〉c〈A
e
i (y)〉c]
+ig(1 + Pii′)f
bb′′c∂zk [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (z)〉c〈A
c
i(y)Π
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Aci(y)〉c〈A
b′′
k (z)Π
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Aci(y)Π
b′
i′ (y
′)〉c〈A
b′′
k (z)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (z)Π
b′
i′ (y
′)〉c〈A
c
i(y)〉c](y=z)
−ig(1 + Pii′)f
bb′′c∂zi [〈u¯
a
α(x)u
a′
α′(x
′)Ab
′′
k (y)〉c〈A
c
k(z)Π
b′
i′ (y
′)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ack(z)〉c〈A
b′′
k (y)Π
b′
i′ (y
′)〉c + 〈u¯
a
α(x)u
a′
α′(x
′)Ack(z)Π
b′
i′ (y
′)〉c〈A
b′′
k (y)〉c
+〈u¯aα(x)u
a′
α′(x
′)Ab
′′
k (y)Π
b′
i′ (y
′)〉c〈A
c
k(z)〉c]y=z)
+ig(1 + Pii′)t
ba′cγiα′β′δ(x
′ − y)〈u¯aα(x)u
c
β′(y)Π
b′
i′ (y
′)〉c
−ig(1 + Pii′)t
bb′′cγiββ′[〈u¯
a
α(x)u
c
β′(y)Π
b′
i′ (y
′)〉c〈u¯
b′′
β (y)u
a′
α′(x
′)〉c
+〈u¯aα(x)u
c
β′(y)〉c〈u¯
b′′
β (y)u
a′
α′(x
′)Πb
′
i′ (y
′)〉c]. (B.12)
This completes the nonlinear CQCD equations, which form a closed set of first order
differential equations in time and can be integrated by standard numerical techniques
for almost arbitrary initial conditions, provided that these fulfill the weak Gauss law
as well as the Ward identities as discussed in Section 4.
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